This paper examines the effects of aging on the flexural stiffness and bending loading capacity of a perforated glass fiber-reinforced epoxy composite subjected to combined moisture and elevated temperature. Specimens, in the configuration of one-quarter of a perforated GFRP tube, were aged in 60% humidity and temperatures of 40, 60, and 80
Introduction
Directional wells are one of the most effective and reliable technologies used nowadays in oil and gas industry. Hundreds of directional wells have been installed all over the world to increase access to reservoirs and consequently to increase the productivity and total recovery. From cost perspective, a horizontal well can be more expensive to drill and complete for production in comparison to a vertical well. Therefore, the oil industry requires assurance that a horizontal well would be the most effective and economical option for a given reservoir. One of the challenges often arisen in this field is when one has to replace the so-called "liner" in such wells, usually located often miles under the ground. Liners are conventionally made of perforated steel tubes used to stabilize the directional and vertical wells to access the target producing areas. Annually, hundreds of millions of dollars are spent in replacing the damaged and corroded steel liners in such wells. The concept of replacing steel liners with perforated composite materials such as glass fiber-reinforced plastic (GFRP) has been a novel idea that is postulated to be an effective means for replacing aged steel liners.
In general, fiber-reinforced polymer materials offer better properties in some aspects in comparison to other materials, including superior corrosion resistance, high strength and stiffness to weight ratio, and the ability to be tailored to various configurations. Effective design of components with such materials requires a thorough knowledge of the capabilities and limitations of the constituent materials. Lack of understanding of the behaviors of composites under various conditions has indeed impeded wider development of their applications. Despite the fact that various aspects of the mechanical responses of GFRP have been widely studied, appropriate investigations should be conducted when such materials are to be used in well environment. An important aspect that would require in-depth evaluation in such circumstances would be the influence of the environmental loading conditions (temperature, humidity, etc.) on the structural performance of such composites liners, in order to ensure their long-term reliability, since such liners would 2 Advances in Materials Science and Engineering become in contact with various chemicals during the service life of the oil wells.
It is well known that, for instance, moisture absorption changes the thermophysical and mechanical properties of fiber-reinforced plastics (FRP) in general [1, 2] . Moisture can cause plasticization and hydrolysis of a polymeric matrix, reducing its glasstransition temperature and affecting the fiber-matrix interface bond, leading to loss of mechanical integrity; this degradation would become more adverse at elevated temperatures [3] [4] [5] [6] .
In FRP, the fiber-matrix interface is the medium for transferring the applied loads from one fiber to another; hence, it plays an important role in controlling the strength of composites. Previous investigations [7] [8] [9] have shown that humidity diffusion through the matrix is accomplished inherently slowly; nonetheless, moisture would diffuse along the fiber/matrix interface more easily and in turn would degrade the interface bond.
Moreover, the inconsistent swelling of the matrix, as a result of moisture absorption, would create undesirable stress concentration regions. Also, in the case of glass fibers, moisture could also cause degradation at the fiber level in fact. In glass fibers, moisture extracts ions from the fiber, causing changes in its structures, leading to further degradation [10] . In addition, the fiber cross-section shape has been found to affect the moisture diffusion rate [11] ; for instance, fibers with regular cross-section (like glass fibers) provide more diffusivity in comparison to fibers with arbitrary cross-section (such as most carbon fibers). It has also been commented that glass fibers possess more permeable nature when subjected to moisture in comparison to carbon fibers [11] . There are also other notable studies investigating the aging effects on woven fiber-reinforced composites [12] [13] [14] . For example, Nakai et al. [14] studied the degradation of braided glass/epoxy plates in hot water and reported that increasing the exposure time of humidity and temperature would adversely impact the fiber/matrix interface property, first causing degradation at the interface around fiber bundles, but then subsequently, after a long exposure time, the degradation further penetrates inside the fiber bundles.
As stated, several investigations have been conducted examining the effects of moisture and temperature on the mechanical properties of glass/epoxy coupon specimens; however, only a few studies have been documented in consideration of the effect of environmental elements on tubular braided structures. In such cases, although the material may be the same, the manufacturing process, the geometry, and the diffusion surface areas would be different [15] . For instance, in comparing the case of a rectangular coupon specimen with a cylindrically shaped specimen, one realizes that moisture diffuses into the specimen through two surfaces and four edges in the rectangular configuration, while in a tube moisture can penetrate through four areas (two surfaces and two edges). Moreover, in general, humidity penetrates quicker into the specimens through the edges, and then moisture will travel along the fibers. It can be therefore appreciated that the diffusion rate would be greater in a rectangular shape specimen in comparison to a tubular configuration. Moreover, when a tube is perforated, then the edge surface areas associated to the perforations would be larger, thus facilitating higher diffusion rate.
The above observation prompted this study; in order to better understand the diffusion characteristics in perforated configurations, one quarter of a perforated tube will be examined in the present work.
Theoretical Background
Although it has been shown that the absorption behavior of some polymers is non-Fickian [16] , in general, to estimate the amount of moisture intake in a composite whose matrix is epoxy, the use of Fick's model would be admissible. Fick's model was originally developed for determining the amount of moisture absorption in materials (for an infinitely large plate of thickness h) at a given time t. The solution has been given as [17] 
Or after some manipulations, the above can be represented in the following form:
where M % is the percent moisture absorbed at the time t, M ∞ is the percent moisture absorbed at saturation, h is the specimen thickness, and D is the diffusion coefficient. It should be noted that admissibility of the use of the above equation for estimating moisture absorption in tubular FRP specimens has been examined and confirmed by several researchers (see, e.g., references [15, 18] ).
By plotting the graph of moisture content versus time, one can calculate the magnitude of D through the slope of the linear portion of the curve; mathematically, it can be calculated by [15] 
where t 2 and t 1 are arbitrary times selected along the linear portion of the curve, and M 1 and M 2 are the corresponding amount of absorbed moistures, respectively. Moreover, d'Almeida et al. [18] reported that the following equation would better fit the experimental data when fiberglass pipes were tested,
It has been shown [18, 19] that moisture-induced degradation of the fiber-matrix interface could significantly reduce the stiffness of the FRP pipes under bending, shear, and compression loading conditions, while the tensile strength would not be as significantly affected. This is because debonded Advances in Materials Science and Engineering 3 fiber/matrix interfaces act mainly as interlaminar cracks and, therefore, would induce less impact on the strength of the pipes, especially under tensile loading. In this research, bending tests were conducted on perforated glass/epoxy specimens having a quarter tube configuration, and, through the experimental data, a model was developed by which the stiffness of the perforated GFRP structures could be predicted.
Specimen Preparation
The material used in this research was 7781 woven E-glass/ NB321 epoxy cross-ply prepreg produced by Newport (Irvin, CA). The tensile modulus and strength of the composite were determined experimentally in-house as E tensile = 24.75 GPa, S tensile = 370.5 MPa, respectively. The GFRP composite was selected due to its widespread usage in the applications where corrosion is of primary concern, as well as its relatively lower cost. Experimental specimens were fabricated in the configuration of one quarter of a perforated tube to study the influence of the hygrothermal effect on the composite under applied loading.
In order to fabricate the one-quarter tube with perforation, prepreg materials were first cut into 30 mm-wide tapes (with a 3 mm thickness), and then they were laid on a steel mandrel in ±45
• orientation, leaving 2 mm space among the tapes to create the perforated region. Figure 1 shows the representative volume's schematic used to form the geometry and the manufactured specimen, respectively. The final geometry was a quarter of a 250 mm-long tube with a 150 mm diameter having 2 × 2 mm 2 perforations.
The layup sequence of all specimens was [±45 • ] 4 , and the curing process was carried out according to the vendor's instruction, that is, curing at 135
• C for 2 hrs and subsequently cooled down to the room temperature. The specimens were then trimmed and prepared for the experiment. The specimens' thickness was in the range of 2.7-3.2 mm. The initial weight of each specimen was recorded for the subsequent moisture absorption studies. The fiber content of each specimen was also determined according to ASTM D3171-09 [20] ; the average fiber content was at 55% by weight.
Test Procedure
The aging scenario adopted in this study is summarized in Table 1 . Specimens were put in a controlled environmental chamber and aged at 60% humidity at temperatures of 40, 60, and 80
• C (3 specimens tested at each temperature). The temperatures were chosen such that they were below the glass transition temperature of material (which was 150
• C). The saturation times for the specimens at various temperatures are also noted in Table 1 . During the aging process, the moisture absorption percentile and its rate were measured in accordance to ASTM D5229 standard [21] . In our experiments, the saturation point was established as the stage when the change in the measured moisture content of the material at the selected interval was less than 0.01% with respect to the previously measured moisture content. After reaching the saturated conditions, the specimens were removed and the bending tests were conducted on the aged specimens and the reference virgin specimens, which were not exposed to temperature and humidity. The supporting jig (frame) and loading jig, conformed to the exact shape of the specimens, are shown in Figure 2 . The specimens were supported at their ends, on 9.5 mm diameter bars, and were loaded to failure by a MTS universal testing machine, equipped with an Instron 8500+ electronic controller. The tests were conducted under displacementcontrolled condition, with a loading rate of 1.0 mm/min, at room temperature.
Subsequently, the fracture surfaces of the specimens were analyzed by scanning electron microscope (SEM) to further 4 Advances in Materials Science and Engineering characterize the influence of the combined moisture/temperature on the materials.
Experimental Results and Discussion

Moisture Absorption Behavior.
Moisture absorption percentage was calculated using the following equation and is presented as a function of square root of the exposure time:
where M t is the percent moisture content at time t, m 0 is the weight of the specimen at its dry stage, and m is the specimen weight at time t. Figure 3 shows the variation in weight gain (i.e., moisture absorption) as a function of the square root of exposure time for all specimens. In this figure, solid symbols, solid line, and dashed line depict the experimental results, the results obtained using the hyperbolic tangent method (i.e., (3)), and those obtained by Fick's solution (obtained by (1a) and (1b)), respectively. As seen the Fickian model can better describe the moisture absorption response at the lower temperature aging condition, but at the high temperatures, the hyperbolic tangent model (i.e., (3)) could provide better prediction. It is postulated that the assumption of equal values for D x , D y , and D z used in these models would be a cause for the observed discrepancy. It is believed that these values would not be equal in the case of perforated tubular configuration; as a result, their variation as a function of temperature would also be different. Despite this fact, Fick's solution succeeded in predicting the results at the lower temperature, while hyperbolic tangent model could more accurately predict the absorption behavior at the higher temperature.
Comparison of the variation in the rate of moisture absorption at different aging temperatures (illustrated in Figure 4 ) reveals that when a longitudinal section of a perforated pipe was exposed to humidity, the increase in the exposure temperature from 40
• C to 80
• C increased the moisture absorption at saturated condition from 45% to 68%, respectively. Moreover, the diffusion coefficient, D, which represents the slope of the linear portion of the curves of the perforated specimen, increased from 0.16 to 0.35 mm 2 /day, respectively, when aged at the noted temperatures. In comparison, d'Almeida et al. [18] have reported D as 0.57 mm 2 /day for their aged pipe specimens, and De La Osa et al. [22] have reported GFRP's diffusion coefficients at different temperatures (i.e., 20, 40, and 60
• C), as 0.16, 0.47, and 0.97 mm 2 /day for temperatures respectively. Our results are therefore in reasonable agreement with the reported experimental results.
Mechanical Characterization.
Three-point bending tests were conducted on the specimens after aging. Figure 5 illustrates the typical damage initiation and growth in the specimens, when subjected to the bending test. In all specimens the damage occurred near the load line, and the crack propagated along the tape boundary through the perforations. The bending tests' results have also been summarized in Table 2 . It was observed that the increase in the aging temperature decreased the failure load, stiffness, and the maximum midspan displacement of the specimens. As seen in Figure 6 , the trace of the bending curves for all test specimens was linear up to the fracture point, which reflects the brittle behavior of this composite component. The slope of the load-displacement curves reflects the stiffness of the perforated composite structure under bending. Figure 7 shows that with increasing the aging temperature and hence the diffusion rate and the resulting moisture content, the flexural Figure 6 : Plot of the average load versus displacement (each curve is the average of 3 specimens) for the specimens conditioned at different temperatures at 60% humidity. stiffness of this perforated material decreased as much as 8.5%. In the figure, the dot symbols represent the experimental results, and the dashed line is the least-square fitted line to the experimental data.
Noting the above results, it can be concluded that the flexural stiffness of a perforated pipe could be markedly affected by the diffusion rate and aging temperature. In consideration of the fact that according to (1a), (1b) the moisture content changes exponentially as a function of the diffusion coefficient and that the diffusion coefficient changes as a function of the aging temperature (see also Figure 4 ), a simple model is developed and proposed by which the change in the stiffness of a GFRP specimen, aged in humidity at elevated temperature, is related to the influencing variables (i.e., the environmental parameters (i.e., the aging temperature and humidity), geometrical factors, and the physical and mechanical properties). The following equation represents the semiempirical exponential function:
where K a is the flexural stiffness of the aged structure (in N/mm) and K ua is the flexural stiffness of the unaged material (in N/mm) at time t = 0 sec. Before the material is exposed to moisture, D is the diffusion coefficient (in mm 2 / day) and Dt/h 2 is a non-dimensional parameter.
SEM Analysis
As stated earlier, to gain more insight into the physical effect of the moisture diffusion, scanning electron microscopy (SEM) was conducted on the fracture surfaces. Figure 8 shows the fracture surfaces of the glass/epoxy structure before and after the moisture immersion at 40 • C and 80 • C at 60% humidity. From the SEM-generated images one can observe that in the case of the virgin material (i.e., material that was not exposed to moisture and high temperature), good adhesion of resin to fibers is evident by the presence of large resin clusters; even after the fracture, the least amount of relative debonding is observed between the fibers and matrix (Figure 8(a) ). This confirms the existence of a strong bond at the fiber and the matrix interface in the virgin specimens. However, with exposure to humidity and increasing temperature, the interface bond is degraded. This is demonstrated by decrease in the volume of the resin surrounding the fibers. Ingress of moisture into the matrix causes the matrix to swell, and the fiber/matrix interface tends to debond. In the presence of elevated temperature, the water molecules ingress into the voids in the matrix, and as the molecules' temperature is increased, their volume increases, thereby creating stress concentration and subsequently cracking the matrix [15] . The microscopic observation of our aged specimens revealed the presence of void content and cracks in the matrix of the specimens subjected to humidity and high temperature (see Figure 9 ).
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Conclusions
A short-term aging experimental investigation was conducted on curved perforated GFRP composite specimens, by which the effect of thermal variation on the moisture absorption kinetics and on the flexural stiffness of the GFRP specimens was investigated. The findings of this study can be summarized as follows.
Fick's model could describe the moisture absorption rate of the perforated GFRP specimens that were aged at relatively low temperatures, while the hyperbolic tangent model produced better predictions for the specimens conditioned at higher temperatures.
Moisture causes degradation in the resin matrix and in turn reduces the bending stiffness of the structures made of composite materials. As it is also known that Fick's model assumes that the moisture content varies exponentially as a function of diffusion coefficient and that the diffusion coefficient also changes as a function of the aging temperature. In concert with Fick's model, a simple semiempirical model was proposed; by this model one can predict the degradation in GFRP, when exposed to 60% humidity and various elevated temperatures, as a function of diffusion rate of the material and the exposure (conditioning) time.
Moreover, the increase in the temperature degraded the interface between the fibers and the matrix. The SEM analysis evidenced a dependency of the strength of GFRP to the reduction in the fiber/resin interfacial strength, through reducing the stress transfer in the GFRP.
An important concluding outcome of the investigation is that when perforated GFRP tubes are used to form liners in horizontal oil well applications, the influence of moisture/ temperature must be carefully considered and the design limits be adjusted accordingly.
